Flavorings are substances that alter or enhance the taste of food. Workers in the food-manufacturing industry, where flavorings are added to many products, may be exposed to any number of flavoring compounds. Although thousands of flavoring substances are in use, little is known about most of these in terms of worker health effects, and few have occupational exposure guidelines. Exposure assessment surveys were conducted at nine food production facilities and one flavor manufacturer where a total of 105 area and 74 personal samples were collected for 13 flavoring compounds including five ketones, five aldehydes, and three acids. The majority of the samples were below the limit of detection (LOD) for most compounds. Diacetyl had eight area and four personal samples above the LOD, whereas 2,3-pentanedione had three area samples above the LOD. The detectable values ranged from 25-3124 ppb and 15-172 ppb for diacetyl and 2,3-pentanedione respectively. These values exceed the proposed National Institute for Occupational Safety and Health (NIOSH) recommended exposure limit for these compounds. The aldehydes had the most detectable samples, with each of them having 450% of the samples above the LOD. Acetaldehyde had all but two samples above the LOD, however, these samples were below the OSHA PEL. It appears that in the food-manufacturing facilities surveyed here, exposure to the ketones occurs infrequently, however levels above the proposed NIOSH REL were found. Conversely, aldehyde exposure appears to be ubiquitous.
INTRODUCTION
Flavorings are substances that alter or enhance the taste of food. They are composed of various natural and manmade compounds and may consist of a single chemical, but more often they are complex mixtures of compounds. Workers in the flavoring production industry where flavorings are made, in the flavored food-manufacturing industry where flavorings are added to food products, and in the food industry where flavored foods are used, all may be exposed to any number of flavoring substances in the form of solids, liquids, vapors, or liquid or vapor encapsulated within a particulate. Although thousands of flavoring substances are in use, little is known about most of these in terms of worker health effects, and few have occupational exposure guidelines.
Diacetyl is one of the main components in flavoring that imparts a buttery taste and it has been identified as a prominent volatile organic compound (VOC) in air samples from microwave popcorn plants and flavoring manufacturing plants. [1] [2] [3] [4] [5] [6] [7] [8] In flavor formulations, diacetyl and recently 2,3-pentanedione are typically found as components in liquid solutions, but can also be added to powders.
Occurrences of bronchiolitis obliterans (BO) were observed in the microwave popcorn industry in 2000 when eight workers were diagnosed with the disease after exposure to vapors from artificial butter flavoring substances including diacetyl. 1, 9 Diacetyl is also used as a natural and artificial flavoring ingredient and aroma carrier in bakery products, dairy products, snack foods, and more. Initial research concerning occupational exposure to diacetyl has focused on workers who directly produce flavorings or use them in the microwave popcorn industry, however employment figures for the food production industry suggest that some other workers have potential exposure to diacetyl. For example, respiratory issues have been anecdotally reported for cheese production (Wisconsin), yogurt production (Ohio), and potato chip manufacturing. 10 Two cases of BO have been identified in workers employed in a small coffee-processing facility. 11 Although the microwave popcorn industry has received the most attention both in the media and in the scientific community, the first occurrences of BO in food production may have been observed in 1985 at a facility, which produced various products for the baking industry. 12 Recently, facilities have begun producing and working with flavors without diacetyl, instead using alpha-diketone substitutes such as 2,3-pentanedione, 2,3-hexanedione, and 2,3-heptanedione. 13, 14 Reports on the toxicity of 2,3-pentanedione were first published in abstract form in 2010. 15, 16 Subsequent animal inhalation studies by the National Institute for Occupational Safety and Health (NIOSH) and the National Institute of Environmental Health Sciences researchers 17 indicated similarities in pulmonary effects between 2,3-pentanedione and diacetyl exposures. Preliminary data from yet another study suggests that exposures to either 2,3-pentanedione or diacetyl can cause airway fibrosis in rats. 18 As a group, these publications illustrate that the toxicological effects of diacetyl may be shared with alpha-diketones that are close structural analogs such as 2,3-pentanedione, 2,3hexanedione, and 2,3-heptanedione. Diacetyl substitutes should not be assumed to be safe until toxicology studies are completed.
In 2010, California promulgated a regulation for occupational exposure to food flavorings containing diacetyl that requires installation of exposure controls to reduce exposures to the lowest feasible levels, as well as follow-up by the employer if any concentration of diacetyl, diacetyl trimer, acetoin, 2,3-pentanedione, 2,3-hexanedione or 2,3-heptanedione is used in a workplace where an employee is diagnosed with a fixed obstructive lung disease. In 2012, the American Conference for Governmental Industrial Hygienists (ACGIH) published a Threshold Limit Value (TLV) of 0.010 ppm with a short-term exposure limit (STEL) of 0.020 ppm for diacetyl. 19 In 2013, NIOSH published its draft recommended exposure limit (REL) for diacetyl and 2,3pentanedione of 0.005 and 0.0093 ppm, with STELs of 0.025 and 0.031 ppm, respectively. 20 Other flavor compounds are also of interest from a standpoint of worker health. The Flavor and Extract Manufacturers Association lists 34 substances that are high priorities for consideration as substances that may pose respiratory hazards in flavor-manufacturing workplaces. 21 Nine of these substances, in addition to diacetyl, 2,3-pentanedione, 2,3-hexanedone, and 2,3-heptanedione, were selected for this survey because of their potential for respiratory hazards in the workplace.
The purpose of this study is to characterize exposure to 13 flavoring compounds that are potential respiratory hazards in various food production facilities. To date, little exposure characterization of flavor compounds in food production other than microwave popcorn has been conducted.
METHODS
Food production facilities that use flavorings, or where fermentation takes place, were selected for sampling. After consulting a panel of food production experts, snack food, dairy, cereal and baked goods, wine, and confection production facilities were selected for inclusion in the study. One hundred and fifty-three companies were identified and contacted for participation in the study. Sixteen agreed to participate and surveys were conducted at ten facilities with 43 workers being sampled. The ten companies selected for a survey out of the 16 that agreed to participate were selected after a walkthrough survey and were felt to be the best representation of the food-manufacturing categories in the study. The ten facilities included three confection facilities, two dairy facilities, one bakery, one cereal facility, one snack food facility, one winery and one flavoring manufacturer. The workers were selected on the basis of having tasks associated with processes of interest as identified during the walkthrough survey. The main reasons for nonparticipation were no company response (after four attempts), ineligible (flavorings or fermentation were not part of the food production) or an unwillingness to participate. Of the 153 companies contacted, 12 were ineligible, 49 refused or declined to participate, and 76 could not be reached.
Sample Collection and Analysis
Full shift, time-weighted average (TWA) area and personal samples were collected for processes that involved fermentation, or the use or manufacture of flavorings. Sampling for aldehydes, acids, and ketones took place over 1-3 days, depending on processes and production schedules, at all facilities. Generally, one sample for each class of compound (i.e., aldehyde, acid, ketone) per worker was taken, but occasionally additional samples on subsequent days were taken on the same worker. The number of samples per facility varied and depended on the process of the facility. In places where solid flavoring compounds were used, respirable particulate samples were also collected. Sampling pumps were placed on workers and in places near to where flavorings were added or used in a process or where fermentation was actively occurring. Lastly, bulk samples were collected for various flavors used in the facilities. The analytes, and the sampling and analytical methods used are shown in Table 1 and were used for both area and personal samples and for production, handling, and control processes.
The aldehyde samples were collected using dinitrophenylhydrazine (DNPH)-treated silica tubes at a flow rate of 0.2 liters per minute (l/min). The tubes were changed out approximately every 3 h to avoid overloading and the sample results from all tubes collected during a shift were aggregated over time to obtain a TWA. The samples were analyzed by high performance liquid chromatography (HPLC) using Environmental Protection Agency (EPA) method TO-11a. The ketones samples were collected using two specially dried and cleaned 600-milligram (mg) silica gel tubes in series (an A and a B tube) at a flow rate of 0.05 l/min and were protected from light during sampling and shipping. The two tubes were used to determine whether breakthrough was occurring. As with the aldehyde sampling, both tubes were changed out approximately every 3 h and the sample results aggregated over time for a full shift. The samples were collected and analyzed by gas chromatography with a flame ionization detecter using Occupational Safety and Health Administration (OSHA) method 1013. The acids samples were collected using one 600-mg silica gel tube for the whole shift at a flow rate of 0.2 l/min. The samples were analyzed by HPLC using NIOSH Manual of Analytical Methods (NMAM) 5048. Respirable particulate samples were collected using 37-millimeter (mm) polyvinyl chloride filters attached to a Dorn-Oliver cyclone at a flow rate of 1.7 l/min. The samples were analyzed by gravimetric weighing using NMAM 0600. 
Data Analysis
All statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC, USA). The data were right skewed so a natural log transformation was applied to normalize the data. One half of the limit of detection (LOD) was the value used for samples that were below the LOD. ANOVA modeling was used to test for differences in the means of the log transformed data in three different categories: process, flavoring, and food. For the data, a Tukey adjusted multiple comparison test in the PROC MIXED procedure was used to simultaneously test for difference of means among the independent variables in each category. Levels with 450% censoring (below the LOD) were excluded from the analyses. The geometric SDs were in some cases large and different from each other, which contravenes the ANOVA assumption of equal variance. Therefore, an analysis was conducted on each category using a nonparametric Kruskal-Wallis test statistic to test differences, and then applying a Bonferroni adjustment. However, the results were similar for both the parametric and nonparametric tests for each category. Given that the Tukey adjustment is generally better than a Bonferroni adjustment, and that there is not an easy way to simultaneously test variables within a category using nonparametric tests, no further nonparametric analysis was conducted and the parametric tests are presented here.
RESULTS
A total of 105 area samples and 74 personal samples were collected from the 10 sites encompassing several food-manufacturing conducted manually. Production process included these tasks when conducted mechanically and also included fermentation, cooking, mechanical pumping, and milling. The flavors that were used and their ketone content can be found in Table 2 . In some cases, no flavors were used, and other cases, (Tables 3 and 4 ). There were no special personal protective equipment (PPE) requirements or engineering controls at any of the facilities visited when handling flavors, with the exception of clothing requirements for food hygiene.
Diacetyl was the most commonly detected ketone for both the area and personal samples. Eight area and four personal samples were above the LOD for diacetyl. All four personal samples and four of the eight area samples were collected at one facility that manufactured flavors using 4% diacetyl in oil. Three of the remaining four area samples above the LOD (Table 1) were collected at a site that manufactured cereal. These samples were collected from an enclosed unventilated room that contained 55 gallon drums of natural butter flavor and natural and artificial maple flavor that were pumped to a closed system. Workers only entered this room occasionally to move the closed system from one drum to another. In a bulk sample analysis, the natural butter (Tables 5  and 6 ). Acetic acid was the most commonly detected acid with 22% of the area samples and 14% of the personal samples being above the LOD (Table 1) . Acetic acid was detected during cereal, chocolate, snack food, and wine manufacturing. The remaining acids were detected during cereal manufacturing, with one propionic acid sample being detected during chocolate production (Tables 5 and 6 ).
Aldehydes were the most commonly detected group of chemicals, with all aldehydes detected in 450% of the samples. Acetaldehyde was detected the most with 99% above the LOD. Respirable particulate was detected in 450% of the samples as well. As 450% of the aldehydes and respirable particulate were above the LOD, these results were further analyzed by food category (Tables 7 and 8) , process (control, handling, production) ( Table 9 ), and type of flavoring used (no flavor used, flavor used, natural product that might contain diacetyl, e.g., butter) (Table 10) . Generally, baked goods had the highest percent of samples above the LOD and the highest geometric means (GM's) for all aldehydes and respirable particulate. Production process tended to have the highest GM's for respirable particulate and all aldehydes with a couple of exceptions, whereas the use of flavors appears to have resulted in the lowest respirable particulate and aldehyde GM's.
DISCUSSION
Exposure to flavoring compounds in food manufacturing, outside of microwave popcorn production, has been largely unstudied. Exposure to flavor compounds, in particular diacetyl, has been associated with BO in flavor manufacturing and microwave popcorn production. Two cases of BO have been identified in workers who handled flavors in a small coffee-processing facility. 11 However, it would appear in the food production and manufacturing industries surveyed here, little exposure to diacetyl is occurring. Only 8 of 105 area samples and 4 of the 74 personal samples were above the LOD for diacetyl at food-manufacturing facilities. The majority of detectable diacetyl samples came from a flavoring manufacturing facility and those sample results are consistent with other studies at flavor-manufacturing facilities. 6 The other ketones were also non-detectable in a large majority of the area and personal samples. 2,3-pentanedione was only detected in three area samples and no personal samples. However, among the detectable ketone samples, all exceeded the proposed NIOSH REL and ACGIH TLV TWA and STEL for diacetyl, and all but one sample exceeded the NIOSH REL and STEL for 2,3pentanedione. Therefore, it appears when exposure is occurring, it is occurring at a sufficient level to cause some concern for health effects. Additionally, the diacetyl substitutes 2,3-heptanedione and 2,3-hexanedione were found above the LOD in six (three personal and three area) and four (one personal and three area) samples, respectively.
It is not entirely surprising that diacetyl and 2,3-pentanedione were not detected in the majority of samples. The amounts of liquid flavors used in the food production observed were generally small, with the largest addition being B1-2 liters. Diacetyl and 2,3-pentanedione were detected in only nine and three bulk flavor samples, respectively, with the detected concentrations of diacetyl and 2,3-pentanedione generally o50 ppm despite a couple of notable exceptions. However, all but one of the detectable diacetyl air samples occurred when neat diacetyl or a flavorcontaining diacetyl was being used at the time of sampling. In only one instance was diacetyl detected when a flavor or neat diacetyl was not used, and this process involved heating of milk powder, cocoa butter, and chocolate liquor during milk chocolate production. Similarly, 2,3-pentanedione was detected in air samples only when a flavor that contained 2,3-pentanedione was used. Conversely, there were several instances where diacetyl and 2,3-pentanedione were detected in flavors being used, but not detected in the air samples.
The aldehydes were detected in the majority of samples, with acetaldehyde found in all but two samples collected. In a NIOSH Health Hazard Evaluation 22 of a flavoring manufacturer, acetaldehyde was one of the most commonly used compounds, being used daily. However, in a VOC screen using thermal desorption tubes, acetaldehyde was not detected as a major peak. In a survey of 15 adult inhabitants of Helsinki, acetaldehyde levels found in their workplaces averaged 4700 microgram per cubic meter (mg/m 3 ). 23 Acetaldehyde occurs widely in nature and is produced in large scale industrially, and is a common contaminant in workplace, indoor, and ambient environments. 24 This may explain why acetaldehyde was so widely detected in our samples. However, acetaldehyde exposure is a concern. Acetaldehyde is classified as a probable human carcinogen (Group B2) by the United States EPA, 25 a potential occupational carcinogen by NIOSH, 26 and possibly carcinogenic to humans (Group 2B) 27 by the International Agency for Research on Cancer. The levels found in this study are well below the OSHA permissible exposure limit of 360 mg/m 3 and the ACGIH-ceiling limit of 45 mg/m 3 . These exposure limits, however, are based on irritation and not carcinogenic effects. Further, acetaldehyde could not be ruled out as a possible causal or contributing agent for BO in a study of BO among workers in a diacetyl production facility. 28 One area where exposure may be of concern is in the use of powders. Solid powdered flavor use ranged from one half pound to hundreds of pounds depending on the batch size. One of the bulk powdered flavor samples had a diacetyl concentration of over 3000 milligram per kilogram (mg/kg). However, to date there is no analytical method available for detecting diacetyl in particulate air samples. The sampling method used to measure diacetyl in the personal and area samples only detects diacetyl in vapor form. As a surrogate for exposure, respirable particulate samples were collected alongside the diacetyl samples when powdered flavors were used. With 450% of the respirable particulate samples above the LOD, and with an average of 357 and 425 mg/m 3 for area and personal samples, respectively, the potential for diacetyl and other ketone exposure exists from these respirable particles. However, sources other than powder flavors may be contributing to the detectable respirable particulate samples found. For example, flour, corn starch, and other non-flavor powders used in food manufacturing could also be contributing to the levels seen. It is difficult to determine which type of food production studied might have the greatest flavor compound exposure, given the large number of non-detectable samples. It is also difficult to ascertain whether the type of food production was a factor or if the recipes used was the driving factor. Cereal manufacturing had the greatest number of detectable analytes, and both cereal and chocolate had a relatively higher percentage of detectable samples. However, baked goods had either the highest or second highest GM aldehyde and respirable particulate values for both personal and area samples. The differences between food production type were not always significant however. For process type, aldehydes GM's were generally higher during production tasks than handling or control tasks, however, in two cases the control samples were higher for propionaldehyde and benzaldehyde. It is not clear why this may have occurred. Interestingly, the GM's tended to be the lowest when flavorings were used, and highest for either no flavors or natural products. It appears that aldehydes are fairly ubiquitous in food production, and may not necessarily relate to flavoring use.
There are a few limitations to the study. First, it is not clear if company recruitment had an impact on the generalizability or bias of the results. Forty-nine companies declined to participate, and whereas most companies did not give a reason, anecdotal evidence suggest that some reasons were liability concerns and busy operations. Perhaps some of the companies that refused to participate might have had higher exposures. Unfortunately, the reason to not participate and company statistics were not collected from refusing companies, therefore any potential exposure bias cannot be determined. Second, the large number of non-detectable samples and relatively small sample size once broken out by food and flavor category make it difficult to conduct any inferential statistics. Last, although the focus was on food production that had a high potential to use flavors, and the food categories were selected based on expert opinion, there are likely other food production industries that would warrant inclusion in this study.
CONCLUSION
On the days sampled, the majority of exposures to diacetyl, 2,3pentanedione were below the limit of detection in the facilities surveyed in this study. However, for detectible samples, all were above the proposed NIOSH TWA RELs for diacetyl and 2,3pentanedione. In addition, all diacetyl samples above the LOD were also above the ACGIH TWA. In facilities where exposures were observed above existing and proposed occupational exposure limits, exposures should be controlled using appropriate engineering controls and PPE, if necessary. This study also illustrated that the diacetyl substitiutes 2,3-heptanedione and 2,3-hexanedione are in use. Conversely, the aldehydes appear to be ubiquitous in food production. Acetaldehyde was detected in nearly every sample, and is classified as a possible human carcinogen.
